ABSTRACT All-trans-retinoic acid (RA) induces various anatomical limb dysmorphologies in mice dependent on the time of exposure. During early limb development, RA induces forelimb ectrodactyly (digital absence) with varying susceptibilities for different inbred mouse strains; C57BL/6N are highly susceptible while SWV are resistant. To isolate the genetic basis of this defect, a full-genome scan was performed in 406 backcross fetuses of F 1 males to C57BL/6N females. Fetuses were exposed via a maternal injection of 75 mg of RA per kilogram of body weight on gestational day 9.25. The genome-wide analysis revealed significant linkage to a chromosome 11 locus near D11Mit39 with a maximum LOD score of 9.0 and to a chromosome 4 locus near D4Mit170. An epistatic interaction was detected between loci on chromosome 11 (D11Mit39) and chromosome 18 (D18Mit64). Linkage to the chromosome 11 locus (D11Mit39) was confirmed in RA-treated backcross fetuses of F 1 females to C57BL/6N males. Loci associated with bone density/mass in both human and mouse were previously detected in the same region, suggesting a mechanistic linkage with bone homeostasis. The human syntenic region of this locus has been previously linked to Meckel syndrome; the phenotype includes postaxial polydactyly, an ectopic digital defect hypothesized to be induced by a common molecular pathway with ectrodactyly.
R ETINOIDS, vitamin A derivatives, have been effecectrodactyly (missing digits on the anterior or radial tive medications for diseases such as acne, psoriaside of the limb) was also induced (Sulik and Dehart sis, and cancers and are being developed for therapeutic 1988). Moreover, inbred strains of mice exhibited differuses in obesity and type II diabetes (Sporn et al. 1994;  ential sensitivity to RA-induced forelimb ectrodactyly, Villarroya et al. 2004 ). However, a major limitation demonstrating the importance of genetic background for the use of these compounds remains teratogenicity, in sensitivity. When administered at early stages of limb as numerous human congenital malformations have morphogenesis, the C57BL/6N strain showed high sensibeen produced by exposure to retinoids during pregtivity while the SWV strain showed complete resistance nancy (Lammer et al. 1985; Dai et al. 1992) . Retinoids (Collins et al. 2005) . have also been potent teratogens in laboratory animals The relative strain difference for the induction of (Collins and Mao 1999) . In most systems in rodents, preferentially right-sided, postaxial forelimb ectrodacall-trans-retinoic acid (RA) has caused congenital maltyly was demonstrated for other teratogens, including formations that varied in scope and severity with dose acetazolamide, cadmium, carbon dioxide, ethanol, and and time of gestational exposure (Shenefelt 1972;  hyperthermia (although the studies used either C57BL/ Geelen 1979). In this regard, the dose-and time-depen-6J or C57BL/6N; reviewed in Lee et al. 2004) . These dent effects of RA have been studied extensively in develagents are the only compounds known where the two oping limbs (reviewed in Lee et al. 2004) . At early stages strains have been compared for this specific limb defect. of limb bud growth, mouse gestational day (GD) 9.5, This conservation of strain sensitivity to this specific defect 13-cis-RA treatment had effects that were primarily reinduced by multiple teratogens that are presumed to funcstricted to missing digits or ectrodactyly (Sulik and tion by different mechanisms suggests that a final comDehart 1988). Although 13-cis-RA induced predomimon pathway (Wilson 1973) in digital development nantly right-sided, postaxial ectrodactyly (missing digits is more susceptible in the C57BL/6 than in the SWV on the posterior or ulnar side of the limb), preaxial strain. Previously, a full-genome scan using backcross fetuses of pooled F 1 (C57BL/6N female ϫ SWV male or its reciprocal cross) males to C57BL/6N females deter-1 Figure 1 .-Forelimb defects induced by RA on GD 9.25. (A) Normal paw of right limb, score of 1; (B) right limb ectrodactyly digit 1, score of 3; (C) right limb ectrodactyly digits 4 and 5 and reduction of ulna, score of 6; and (D) right limb ectrodactyly digits 3, 4, and 5 and absence of ulna, score of 9. ered the statistical unit for comparisons of resorption and to cadmium-induced forelimb ectrodactyly of the same malformation rates due to the significant litter effect and two strains (Hovland et al. 2000) . The analysis identisubsequent lack of independence of fetal data. Differences fied significant linkage to a locus at the distal end of between crosses in average litter percentages were assessed by chromosome 6, with suggestive linkage to loci on chrot-test for significance (P Ͻ 0.05). Tests for fetal incidence of forelimb defects in Table 2 were performed using the 2 ϫ 2 mosomes 11 and 13. In this study, a genome-wide link-2 test of fetal forelimb defects. Statistical significance was age analysis identified loci associated with the same inferred at a P-value of 0.05.
strain difference in RA-induced forelimb ectrodactyly.
A method for determining the relative developmental timThis analysis used the same backcross design to identify ing of the various murine crosses was deemed valuable. Emloci contributing to the same differential strain sensitivbryos from the parental strains and the two backcrosses, BC1 and BC2, were collected on GD 9.25, and the somites, which ity of the comparable limb phenotype produced by RA are dorsal segmental mesodermal condensations that develop and to compare the identified loci with those that were one at a time in a craniocaudal direction during early organolinked when cadmium was administered.
genesis, were counted as a gross indicator of the embryonic developmental stage at the time of treatment. The median somite number of the embryos was the indicator of the devel-MATERIALS AND METHODS opmental stage of a litter, and a mean for multiple litters (medians) was calculated. Animals and teratology: C57BL/6NCrlBR (C57) mice were Phenotyping: Each fetus was phenotyped for forelimb malobtained from Charles River Laboratories (Hollister, CA). The formations as a binary trait and scored for the severity of the founder SWV/Fnn (SWV) mice were from Richard Finnell defect as a semiquantitative trait. Forelimb defects were also (Texas A&M University). Pooled F 1 (C57 female ϫ SWV male classified by axiality (preaxial or postaxial) and laterality (left or SWV female ϫ C57 male) males were backcrossed with C57 or right). The severity of a forelimb malformation was scored females to generate BC1 fetuses, and pooled F 1 females were according to a previously described system (Hovland et al. backcrossed with C57 males to generate BC2 fetuses. Mice 2000; see Figure 1 ). The system arbitrarily assigned a normal were kept in a climate-controlled room under an alternating pair of forelimbs a score of 1. For each shortened or rudimen-12-hr light/dark cycle. Timed matings were produced by plactary digit or visually significant thinning of a digit, one point ing a male into cages with multiple females for the last 2 hr of was added to the fetal forelimb score. The total absence of a the dark cycle. The time of vaginal plug detection was designated single digit added two points to the score, and each additional the start of GD 0. On GD 9.25, RA (Sigma, St. Louis) was dissolved missing digit added two more points. A visually significant in 100% ethanol (8% of the dosing solution volume), susreduction in the length of the humerus, radius, or ulna was pended in soybean oil (92% of the dosing solution volume), given a single point, and the complete absence of any of these and administered to pregnant mice by intraperitoneal injeclong bones was accorded two points. Fusion of the ulna and tion at a dose of 75 mg/kg body weight. All steps involving RA the radius added a point. Thus, scores ranged from 1, for a were performed under dim yellow light to prevent photoisomfetus with two normal limbs, to 33, for a fetus with bilateral erization. On GD 18, maternal mice were killed, and the numamelia. To minimize the influence of outliers, a natural log bers of implantation and resorption sites, viable fetuses, and transformation was applied to the semiquantitative trait prior gross malformations were recorded. Each fetus was stained to the QTL analysis. with alizarin red and alcian blue for skeletal analysis as described previously (Hovland et al. 2000) . The litter was considGenotyping: Fetal visceral genomic DNA was isolated by phenol/chloroform extraction. From 419 collected BC1 feassess whether different anatomical forelimb defects were linked to the same loci, each binary trait was analyzed sepatuses, 13 fetuses were not genotyped due to poor quality of isolated DNA. Similarly, 24 of 569 collected BC2 fetuses were rately. That is, linkage analysis for the preaxial defect was performed on the progeny with only preaxial and pre-and not genotyped. Some of these fetuses that were not genotyped had forelimb defects. Thus, the numbers of affected and nonpostaxial defects classified as "affected" and all others as "unaffected." Furthermore, the permutation features of Map Manaffected fetuses that were used for QTL analyses were slightly different from the numbers of fetuses that were analyzed for ager QTX and QTL Cartographer were used to establish the genome-wide thresholds for suggestive (␣ ϭ 0.63), significant teratology results in Tables 1 and 2 . Initially, 406 fetuses from BC1 were genotyped by the Center for Inherited Disease Re-(␣ ϭ 0.05), and highly significant (␣ ϭ 0.001) linkage with 10,000 and 1000 iterations, respectively. The BC2 fetuses were search (CIDR; Johns Hopkins University, Baltimore). Microsatellite markers were screened for polymorphisms between C57 evaluated for linkage with the entire chromosome 11 and a specific region of chromosome 4. Since the number of markers and SWV, and 86 markers spanned the entire genome excluding the Y chromosome. The genotyping was performed by the CIDR examined in the BC2 verification was relatively small when compared with the whole-genome scan, the issue of multiple PCR protocol (http:/ /www.cidr.jhmi.edu/mouse/protocol.html). The missing data rate was 4.7%, and quality control included comparisons was reduced, permitting a higher P-value for significance. For this purpose, the P-value Ͻ0.01 was suggested 20 blind duplicates. The average spacing between markers was 15.4 cM, with no gaps Ͼ34 cM. Subsequently, 3 additional by Lander and Kruglyak (1995) . Although the genome-wide P-value of 0.05 was designated as significant, this equates to markers on chromosome 11, 1 marker on chromosome 4, and 1 marker on chromosome 6 were genotyped using PCR with a P-value of Ͻ0.001 at each individual marker; hence the P-value of Ͻ0.01 represents a reduction in stringency. Signifi-5Ј-end-labeled forward primers according to procedures from a previous study (Hovland et al. 2000) . The additional marker cant threshold levels from the BC1 fetuses were also used for on chromosome 6 that was subsequently genotyped was a linkage analyses in BC2 fetuses. Searches for pairwise epistatic marker close to the QTL peak for cadmium-induced forelimb interactions between loci were performed using Map Manager defects in the Hovland et al. (2000) study. Replication of BC1 QTX and verified using the SAS V8 software (SAS Institute, loci was done with 545 BC2 fetuses that were genotyped for Cary, NC) for a logistic regression procedure and two-way 3 markers on chromosome 4 and 9 markers on chromosome analyses of variance (ANOVA). 11. The missing data rate for the nonautomated genotyping was 1.9%.
Linkage analyses and epistatic interactions: The linkage map RESULTS was constructed using the MAPMAKER/EXP V3.0b (Lander et al. 1987) and Map Manager QTXb19 (Manly et al. 2001) Phenotypes of RA-induced forelimb malformations: different when the maternal animal was either C57 or SWV for the F 1 mice (data not shown).
Embryo somite numbers at GD 9.25
To assess whether the differences in teratogenic outcome in reciprocal crosses could be explained by devel- Whole-genome scan: To identify loci containing genes that contribute to the differential sensitivity of C57 and mations. All fetuses exhibited anal atresia and tail agene-SWV mice to RA-induced forelimb defects, a wholesis, which indicated fetal exposure to RA (Collins et genome scan was performed in BC1 fetuses on traits al. 2005) . Forelimb defects and cleft palate were the listed in Table 4 . Results from the full-genome scans, predominant gross malformations observed among the based on the 88 markers, revealed highly significant backcross fetuses aside from anal and tail agenesis, conlinkage to a chromosome 11 locus and significant linksistent with a previous study (Collins et al. 2005) . Foreage to a chromosome 4 locus ( Figure 2 ). The trait in limb defects were noted in 28% (mean litter percentall affected fetuses (All-1) was significantly linked to a age) of BC1 fetuses and 39% of BC2 fetuses (Table 1) .
chromosome 11 region near D11Mit39, with a maximum Forelimb defects were either unilateral or bilateral; and LOD score of 9.0 (Table 4 ; Figure 3A ). Analyses of among the unilateral, right-sided defects were more comsubsets of this binary trait (Pre-1, Post-1, Left-1, and mon than left sided (92% vs. 8% in BC1 fetuses and Right-1) in the same sample population revealed sig-86% vs. 14% in BC2 fetuses; Table 2 ). Moreover, when nificant linkage to the same location on chromosome the forelimb defects were bilateral, they were more se-11, but with lower LOD scores, presumably due to the vere on the right than on the left side (60% vs. 17% in reduced number of affected fetuses (Table 4 ; Figure  BC1 fetuses and 58% vs. 20% in BC2 fetuses, with the 3A). The semiquantitative trait, QT-1, was also signifiremainder being bilaterally equivalent). In affected BC1 cantly linked to the same locus on chromosome 11. fetuses, there were approximately equal numbers of preAccordingly, this locus was named Rafar (RA-induced axial and postaxial defects, whereas in affected BC2 feforelimb autopod reduction defect). In addition, the tuses, preaxial defects predominated. In both groups of analysis for QT-1 showed significant linkage to a locus backcross fetuses, hindlimb defects were rarely observed on chromosome 4 at D4Mit170 with a LOD score of 2.7 (Table 1) . Additionally, whenever a cross involved F 1 (which exceeded the experiment-wise threshold). This mice, the direction of the breeding to produce the F 1 locus was also detected in the binary trait analyses at (either C57 ϫ SWV or SWV ϫ C57) did not produce a the suggestive level of significance. significant difference in the incidence of forelimb deInteraction: Interactions between loci associated with fects (data not shown). More specifically, incidences of preaxial and postaxial defects were also not significantly RA-induced forelimb defects were identified using Map Manager QTX, which reported the positions of interacting loci, the joint LOD score of the interaction, and a LOD score for the epistatic effect. As shown in Table  5 , when the All-1 trait was analyzed, there was an epistatic component with a LOD score of 2.4 for Rafar and a locus on chromosome 18 (D18Mit64). Two-way ANOVA and logistic regression analyses also revealed an epistatic (Table 5) . However, no epistatic interaction was obfetuses and (B) in BC2 fetuses. The marker positions correspond to linkage distances found in the Mouse Genome Inserved between the loci on chromosomes 11 and 4 by formatics Database (MGI; http:/ /www.informatics.jax.org). two-way ANOVA or logistic regression analysis.
The solid horizontal line shows the 95% LOD score signifiThe genotypes of fetuses at three loci, D11Mit39, cance threshold, whereas the dashed horizontal line shows D18Mit64, and D4Mit170, were examined for interacthe 99.9% LOD score significance threshold. According to the linkage map distance in MGI, D11Mit293 is located at 75 tions by stratifying to assess whether the contribution cM, but this marker is located more distally than D11Mit48 to the forelimb defect at one locus was independent of according to the physical map distance. the genotype at another locus (Table 6 ). Taken individually, homozygous (CC) and heterozygous (CS) fetuses at the chromosome 11 locus had 35 and 9% limb malforthe putative risk gene on chromosome 18. The same mations, respectively, whereas at the chromosome 18 pattern was observed when the data were analyzed as a locus the CC and CS fetuses had 24 and 21%, respecquantitative trait (QT), taking the severity of the defects tively, and at the chromosome 4 locus the CC and CS into account instead of the percentage of affected fefetuses had 29 and 31%, respectively. When fetuses were tuses (Table 6 ). However, when analogous comparisons stratified by their genotypes at the most significantly were performed for D4Mit170, the effects of the chrolinked locus, D11Mit39, 43% of fetuses homozygous at mosome 11 locus were not comparable (Table 6 ). both D11Mit39 and D18Mit64 had forelimb defects, Verification of chromosome 11 linkage in backcross while 28% of fetuses that were CC at D11Mit39 and CS fetuses of F 1 females to C57 males: To assess whether at D18Mit64 were affected. The relative order of the the observed QTL on chromosome 11 could be repliintensity of the phenotypic effect induced by the chrocated, linkage analysis was performed in BC2 fetuses for mosome 18 locus was reversed for fetuses that were CS nine markers on chromosome 11. The analysis of the at D11Mit39, with 4% of D18Mit64 CC fetuses affected all affected binary trait (All-2) and semiquantitative trait and 13% of CS affected. This indicated that the geno-(QT-2) using the 545 fetuses of this alternative cross revealed significant (␣ ϭ 0.05) linkage to a location near type at the chromosome 11 locus altered the effect of D11Mit39 with LOD scores of 2.7 and 3.0, respectively notyped in BC2 fetuses; however, unlike chromosome 11, no suggestive or significant linkage was detected. (Figure 3B for All-2; data not shown for QT-2). Thus, the Rafar locus was confirmed (Lander and Kruglyak 1995) . In addition to Rafar, a separate peak was detected DISCUSSION at the distal end of chromosome 11 (D11Mit48) in BC2 fetuses (for All-2, a LOD score of 2.8). In the BC2 offThis study describes the use of a genetic approach to explain a mouse strain difference in a teratogenic spring, the malformation was predominantly preaxial, in contrast to the BC1 cross. The second locus on chroresponse to RA. Although the somite numbers for the two parental strains were found to be significantly differmosome 11 (D11Mit48) remained after conditioning on D11Mit39 and using composite interval mapping on ent at the time of RA administration in this study (Table  3) , previous experiments have produced evidence to the population that included preaxial defects (All-2 and Pre-2), but not on populations that included exclusively suggest that the difference in teratogenic response is not due to this factor (Collins et al. 2005) . The described postaxial defects (Post-2, data not shown). When using the same procedure but conditioning on D11Mit48, the whole-genome scan using a backcross design (C57 female ϫ F 1 male) identified loci on chromosome 11 near Rafar locus was significant, implying the presence of two separate loci. In the BC1 cross, the D11Mit48 locus was D11Mit39 (Rafar) and chromosome 4 near D4Mit170 that had significant linkage between the C57 genotype identified in the preaxial population (Pre-1), but not in the other populations (Post-1 and All-1). Thus, the and forelimb ectrodactyly. An independent sample of fetuses from the reciprocal cross (F 1 female ϫ C57 male) peak near D11Mit48 was associated with the preaxial forelimb defect and not with the postaxial defect. Alterprovided replication of the linkage to the Rafar locus. Further, a second locus on chromosome 11 near natively, the D11Mit39 peak was associated with both the preaxial and the postaxial defects. In addition, three D11Mit48 was linked to preaxial ectrodactyly. Although preaxial and postaxial phenotypes are anatomically dismarkers on chromosome 4 in the region of the previously identified significant locus (D4Mit170) were getinct, the Rafar locus was associated with both pheno- types (Table 4) . A previous genome scan performed to examine the same strain difference for the same malformation after cadmium administration (Hovland et al. 2000) identified a linked locus on chromosome 11; however, the loci are separated by 20 cM (D11Mit39 vs. D11Mit24), leading to the supposition that they are distinct. QTL replication is a useful tool for assessing the value of a linkage result in the presence of the stochastic fluctuation of teratogenic induction. The QTL on chromosome 4 was not replicated in BC2 fetuses, which might be due to the relatively small percentage of the variance (2.7%) explained by this locus making it difficult to repeat or due to a type I statistical error in the first sample. Significantly, Rafar was replicated in BC2 fetuses. However, in neither cross was the Rafar peak confined to a narrow chromosomal region. Precision of QTL location is limited by the number of recombinants in the chromosomal region (Darvasi 1998) . Alternatively, the broad peak may have been due to multiple loci on chromosome 11 that contributed to the strain difference in expression of the phenotype, as demonstrated in several QTL studies (reviewed in Moore and Nagle 2000). For instance, a genome-wide QTL analysis for type I diabetes initially identified a broad peak on murine chromosome 3, designated Idd3 (Todd et al. 1991) , but subsequent congenic strain anal- single gene.
Generally, interval mapping for fully quantitative traits is more powerful than the mapping methods for hypothesized that such interactions may substantially binary traits (Xu and Atchley 1996) . However, in this increase the proportion of genetic explanation of the study, binary trait analysis resulted in a higher LOD variation between strains. However, the data summascore than linkage analysis of the semiquantitative trait. rized in Table 6 are not consistent with the classic defiThe numerical system for scoring the malformation was nitions of negative epistasis, as introduced by Bateson arbitrary and may not have reflected the defect severity (1909) , but are consistent with a lack of additivity, as as accurately as a binary model. introduced by Fisher (1918) . In a recent analysis of Although the analyses detected chromosomal loci this poorly defined term, Cordell (2002) indicates that with statistically significant linkage to the strain differepistasis can sometimes be identified statistically, but ence, the percentage of the variance described by these not understood mechanistically. Our data fall into the loci was modest. The percentage of variance explained latter category and await replication to indicate whether by Rafar was 7.5% and by the chromosome 4 locus was this observation is a type I statistical error or something 2.7% for QT-1 (data not shown). Linkage to other loci to be investigated further. may be masked by interactions. A chromosome 18 locus Interestingly, the human syntenic region to Rafar has was found to interact with the Rafar locus, so that even been associated with Meckel syndrome (OMIM 249000; though the chromosome 18 locus LOD score individu- Paavola et al. 1995) . Meckel syndrome is characterized ally was not significant in the full-genome scan, the by cystic kidneys, occipital encephalocele, fibrotic changes combined effect of the chromosome 18 and Rafar loci of the liver, and postaxial polydactyly, and patients with had a LOD score that was greater than the sum of the this syndrome die within a few days after birth ( Jones two LOD scores (Table 5 ). In fact, the contribution of 1997). Relatively short bowed limbs, syndactyly, simian the chromosome 18 locus was dependent on having a specific genotype at the Rafar locus (Table 6) . It is crease, clinodactyly, and preaxial polydactyly are occa-sionally observed in Meckel syndrome patients (Majewregulate chondrogenesis (Yang et al. 2003) , suggesting the possibility that a Wnt in the chromosome 11 region ski et al. 1983; Jones 1997). The syndrome was originally mapped to human 17q21-24 in a Finnish population could function with a Wnt that is not. Moreover, Lrp5, another Wnt coreceptor, has been shown to regulate (Paavola et al. 1995) and was later narrowed to Ͻ1 cM on 17q23 (Paavola et al. 1999) . The mouse region bone density (Kato et al. 2002) , and inactivating mutations in the human gene result in osteoporosis-pseuhomologous to the human Meckel syndrome region was identified as a 1-cM interval from 49 to 50 cM on murine doglioma syndrome (Gong et al. 2001) . Aspects of chondrogenesis, which precede endochondral ossification in chromosome 11 (Hentges et al. 2004) . This is in the same location as Rafar (Figure 4) . The apparent disthe limb, are dependent on Wnt signaling (Daumer et al. 2004) . Collectively, these data suggest that the Wnt cordance of polydactyly in Meckel syndrome patients vs. ectrodactyly in RA-exposed mice may result from signaling pathway may play an important role in forelimb reduction defects by alteration of limb patterning a common molecular developmental mechanism. The mechanism was delineated by a progressive reduction or limb skeletogenesis. This study has detected and verified a locus on mouse in the dose of Hox gene products, which caused polydactyly at low levels of deficiency and then ectrodactyly and chromosome 11, Rafar, that is associated with the difference between C57 and SWV strain susceptibility to RAfinally adactyly as the deficiency increased (Zákány et al. 1997) .
induced preaxial and postaxial forelimb ectrodactyly. A second locus on the same chromosome was associated Several studies have mapped murine bone mass or density to chromosome 11 regions comparable to Rafar with preaxial ectrodactyly. Future studies will focus on determining the number of loci on chromosome 11 and (Figure 4 ). Femoral peak bone mass was linked to chromosome 11 region 51.8 cM between D11Mit90 and their relative contribution to the trait by the creation of congenic mice that parse the chromosome 11 regions D11Mit59 in the SAMP6 spontaneous osteoporotic murine strain (Shimizu et al. 1999 ), a strain with impaired of interest. There may be an association between bone density/mass and susceptibility to this malformation. osteoblastogenesis (Jilka et al. 1996) . The chromosome 11 region between 31 and 49 cM was associated with
Candidate genes for describing the strain difference in susceptibility include RAR␣ and Wnt3/9b, and interacfemoral peak bone mineral density (Beamer et al. 2001) , spinal peak bone mineral density (Benes et al. 2000) , tions between the Wnt and retinoid pathways have not been well delineated. Furthermore, the human Meckel and periosteal circumference of the femur (Masinde et al. 2003) . Wrist bone mineral density and bone size syndrome gene is a candidate for the murine phenotypic difference. Delineation of the mechanisms involved in variation in the human was associated with a region on chromosome 17 syntenic with the Rafar region (Deng this teratogenic gene-environment interaction will facilitate an understanding of how multiple factors contribet al. 2002, 2003) . Thus, multiple studies have indicated an association between bone homeostatic mechanisms ute to the induction of a congenital malformation. and positions on chromosome 11 consistent with the
